Photoclinometry has become a popular technique for the extraction of topography from digital images of planetary surfaces. The technique, however, is subject to a number of error sources that can degrade results significantly. We present here a quantitative analysis of error sources in onedimensional planetary photoclinometry. The technique is affected by at least seven error sources, which can be broken down into three categories: those arising from (1) the spacecraft image, (2) the planetary body, and (3) the scan line orientation. Spacecraft image error sources include noise, background offset, and quantization. Errors deriving from the planetary body include those induced by variations in photometric properties, such as albedo, by incorrectly compensated atmospheric effects, and by an incorrectly determined photometric function. Finally, errors will result for scan lines which do not lie perpendicular to topographic strike. We calculate slope errors for each of these sources, using the examples of Voyager imaging of Ganymede and Viking orbiter imaging of Mars. Slope errors are investigated for a variety of viewing and lighting geometries, slope angles, and slope orientations. The results can be broken down into nonsystematic and systematic errors. Nonsystematic errors are introduced by image noise and quantization and affect the slope calculation for each picture element independently. Other error sources are systematic; these errors are more insidious, since they may retain the general appearance of the topography while approximately scaling all relief by a multiplicative constant. We present derivations that allow the calculation of photoclinometric slope errors for any photometric function and also briefly discuss the implications of our results for two-dimensional photoclinometric techniques.
INTRODUCTION
Topographic data are useful in the study of planetary surfaces and interiors. Direct measurements of topography are difficult to obtain, however, since they generally require the application of active ranging techniques. This difficulty has prompted the development of several techniques for the extraction of quantitative topography from spacecraft images. Perhaps the most reliable of these techniques is stereophotogrammetry [e.g., Wu, 1979 There are other sources of error that we will not consider in detail, but users of photoclinometry should certainly be aware of them. Some of the more important ones are: viewing and lighting geometry errors, i.e., the supplementary data records (variously called SEDR's, SPICE S-, P-, and C-kernels, etc.) that accompany planetary information do not always contain accurate geometric information; oblique viewing effects, i.e., straight lines across surface relief are no longer straight when viewed obliquely (for a one-dimension al technique which accounts for this, see Davis and Soderblom [1984] ); and resolution effects, i.e., topographic information at near-pixel-scale is affected by the brightness averaging in each pixel. In addition, the point spread function of the camera's optical system and detector can act to smooth out brightness variations between adjacent pixels. As a result, topography derived very near the resolution limit is not reliable.
APPROACH
Our approach to the investigation of error sources in photoclinometry is to develop an end-to-end model of the photoclinometric process. The model includes the effects of illumination and viewing geometry, the planetary scattering properties, the imaging system characteristics, and the mathematics of the topography determination process. We perform a sensitivity analysis by introducing a simulation of In order to perform our calculations, we must make some specific assumptions about the scattering properties of the target body and the performance of the imaging system. We have chosen to consider Voyager imaging of Ganymede and Viking orbiter imaging of Mars. The scattering properties of Ganymede's surface are approximated using the "lunarlike" 
where B0 and k are dimensionless empirical parameters. Consider photoclinometry applied to a specific pixel on a spacecraft image taken at a phase angle a. The location of the pixel on the (perfectly smooth) planetary surface corresponds to a particular photometric latitude •b and longitude A. If the surface at that location is horizontal, the local incidence angle i and emission angle ½ are known. If the photometric function is known, the scattered intensity I from this fiat surface is also known. Now allow the surface to have a slope angle O. Furthermore, let the pixel lie along a scan line, oriented perpendicular to topographic strike, which subtends a rotation angle ;b with respect to the local photometric latitude line. Designate the local incidence and emission angles on this tilted surface as i* and ½*, respectively, and the scattered intensity 
For the "lunarlike" photometric function, equations (3)-(6) may be solved to yield tanO = 7-1 v v+v , 
where 5x --x -x0, 5y = y-Y0, and so on. 
Systematic and Nonsystematic Slope Errors
Photoclinometric errors associated with image noise and quantization are random in nature. Although the root mean squared value of the slope errors associated with these sources can be determined, the magnitude and sign of the error for a given pixel are impossible to determine, and are independent of errors at all other points. For this reason errors associated with these two sources may be termed nonsystematic errors. For nonsystematic errors, each pixel is affected independently, resulting in the addition of a high spatial frequency component to the topographic profile.
The remaining sources may all be termed systematic errors. For systematic sources, a constant error along the scan line will produce pixel-to-pixel slope errors which add constructively, retaining the general feature shape. and a small regional tilt. Again, it is important to recognize that both the nonsystematic and the systematic errors are operative: so the absolute relief of the profile has an uncertainty characterized by Figure 4b , and the pixel-to-pixel slope variations introduce both a pixel-to-pixel relief uncertainty and a regional slope characterized by the spread of profiles in Figure 4c .
Systematic errors may affect photocl{noinetric results ei

Two-Dimensional Photoclinometry
Applications of one-dimensional photoclinometry are limited by the requirement that the topographic strike must be known in advance. Fortunately, there are many topographic features of geologic interest for which this requirement is at least approximately satisfied. However, there are also regions where the topographic strikes are not known well enough for the use of one-dimensional techniques. Twodimensional photoclinometry techniques, which solve for topography over an entire region rather than a line of points, circumvent this problem by attempting to solve for the topographic strike simultaneously with the slope.
Although two-dimensional photoclinometry has existed for two decades [see Horn, 1975] , it has until very recently seen little use in planetary science [Kirk, 1987] . This fact is largely due to the computational complexities of the technique. Improvements in computer capabilities and advances in the technique itself will likely increase its popularity in the future, however. Horn and Brooks [1990] provide an overview of two-dimensional photoclinometric techniques. When considering slope errors associated with twodimensional photoclinometry, there obviously is no scan line rotation angle to misalign. However, the other six error sources are as relevant to two-dimensional photoclinometry as they are to one-dimensional photoclinometry. The onedimensional results given here assume that each photoclinometric slope is calculated independently of its neighbors. In two-dimensional techniques, information is shared over the entire region of interest. This fact renders the quantitative results given here inappropriate for two-dimensionM photoclinometry. However, the qualitative conclusions will likely apply to both techniques. Lighting and viewing geometries that are bad for one-dimensional photoclinometry will be bad for two-dimensional photoclinometry. Slope orientations that are good for one-dimensional photoclinometry will result in accurate slopes from two-dimensional photoclinometry. Slope orientations that are bad for one-dimensional photoclinometry will produce inaccurate slopes from twodimensional photoclinometry.
CONCLUSIONS
Photoclinometry can be a useful technique for the determination of planetary surface topography from monoscopic digital images. However, it is subject to several error sources that can affect results significantly under certain circumstances. The importance of each error source is dependent upon the lighting and viewing geometries, on the orientation of the profile scan line, and on the local topographic slope angle. The reliability of the results also depends very strongly upon the ability of the person applying the technique to wisely choose scan lines and accurately determine the proper photometric function, atmospheric scattering contribution, and image background contribution. For this reason photoclinometry should not be applied as a "black box." It should only be used with a considerable familiarity with the technique, its associated errors, and the data set to which it will be applied.
Modelling of the one-dimensional photoclinometric process indicates that the reliability of the results improves with increasing incidence angle. The optimal profile location is from about 150 to 300 from the terminator. The optimal image phase angle is about 60 ø to 750 . Reliability is also very dependent upon the scan line orientation. The optimal orientation lies close to parallel to the local photometric latitude line.
Error sources may be divided into those causing nonsystematic errors, which affect each data point independently, and those causing systematic errors, which may affect the entire profile as a unit. Nonsystematic errors tend to introduce spurious pixel-scale surface roughness. Systematic errors can be particularly insidious for the unwary user, retaining the shape of a topographic profile while expanding or contracting its vertical scale.
Photoclinometry is insensitive to regional slopes. As a resuit, the technique is most useful when applied in constantalbedo regions containing high spatial frequencies. By contrast, stereophotogrammetry is most useful when recovering low spatial frequencies. The two techniques complement each other.
Photoclinometric algorithms can readily (and, we believe, should) include error analysis calculations to help determine the reliability of the topographic profiles they generate. For every profile, it is useful to include estimates of the upper and lower bounds associated with relief-scaling systematic errors, an estimate of nonsystematic errors, and an estimate of albedo-related errors.
Topography derived using two-dimensional photoclinometry techniques are subject to most of the same errors as onedimensional techniques, and it should be possible to subject them to similar error analyses as well. Figure A1 that image noise is a more significant problem for photoclinometry on Mars than it is on Ganymede. This is due to three factors: (1) the Viking imaging system was inherently noisier than the Voyager imaging system; (2) photoclinometric inversion using and misMignment, have a similar slope angle dependence. For these four sources, the slope error is roughly proportionM to the slope angle for small slopes.
It is clear from
